RHO Family GTPases in the Biology of Lymphoma by Voena, Claudia & Chiarle, Roberto
cells
Review
RHO Family GTPases in the Biology of Lymphoma
Claudia Voena 1 and Roberto Chiarle 1,2,*
1 Department of Molecular Biotechnology and Health Sciences, University of Torino, 10126 Torino, Italy
2 Department of Pathology, Boston Children’s Hospital and Harvard Medical School, Boston, MA 02115, USA
* Correspondence: claudia.voena@unito.it (C.V.); roberto.chiarle@childrens.harvard.edu (R.C.)
Received: 2 May 2019; Accepted: 20 June 2019; Published: 26 June 2019


Abstract: RHO GTPases are a class of small molecules involved in the regulation of several cellular
processes that belong to the RAS GTPase superfamily. The RHO family of GTPases includes several
members that are further divided into two different groups: typical and atypical. Both typical
and atypical RHO GTPases are critical transducers of intracellular signaling and have been linked
to human cancer. Significantly, both gain-of-function and loss-of-function mutations have been
described in human tumors with contradicting roles depending on the cell context. The RAS family
of GTPases that also belong to the RAS GTPase superfamily like the RHO GTPases, includes arguably
the most frequently mutated genes in human cancers (K-RAS, N-RAS, and H-RAS) but has been
extensively described elsewhere. This review focuses on the role of RHO family GTPases in human
lymphoma initiation and progression.
Keywords: RHO family GTPases; RHOA; RHOH; VAV; mutations; chromosomal translocations;
lymphoma
1. Introduction
RHO GTPases are highly conserved proteins in eukaryotes, and the RHO family GTPase consists of
18–22 members [1–3]. They can be classified according to their homology and structure into the following
subfamilies: CDC42, RAC, RHO, RHOD, RHOU, RHOH, and RND [1,2,4,5]. RHOBTB subfamily is
included in some studies, but they are quite divergent from the other subfamilies. Based on their
structure, regulation, and function they are further classified as “typical” or “atypical”, where CDC42,
RAC1, and RHOA are considered the prototype GTPases. Atypical GTPases diverge from the main
family for amino acid substitutions in the RHO domain that alter their function. Most Rho GTPases
are expressed ubiquitously, while others like RAC2 and RHOH have tissue-specific expression in
the hematopoietic cells. Both typical and atypical RHO GTPases have been implicated in human
cancer [1,2].
Rho family GTPases have a central role in a wide range of cellular processes [6,7]. Initially they
were known as regulators of cytoskeleton remodeling, and thus linked to cell shape, cell polarity,
cell adhesion and motility, and vesicle trafficking [8]. RHOA, RAC1, and CDC42, the best studied
members of the family, were first described for their specific functions in promoting the formation of
stress fibers, lamellipodia and filopodia in fibroblasts during actin cytoskeleton reorganization [4,9].
Later on, they were associated with other fundamental cellular processes, such as cell cycle progression
and cell survival [10]. In addition, they were described to be involved in cell-specific processes,
such as immune response [11], angiogenesis [12], and neurogenesis [13]. Alterations of RHO family
GTPases and their related pathways contribute to a large variety of diseases, including malignant
transformation and cancer progression [2,14–17]. Their role in cancer has been debated for a long
time, since most of the information came from in vitro studies. Constitutive active RHOA (G14V) and
RAC1 (G12V) mutants were described to have transforming properties in fibroblasts, although weakly
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than RAS oncogenes and for long time they were related to cancer only through their cooperative
role in RAS or other oncogene-mediated transformation [2,18–22]. The recent identification of point
mutations in the RHO GTPases, RAC1, RHOA, and CDC42 [23], or in their regulators, for example
the RHO GEF VAV1 [24,25], or the demonstration of different expression levels in human tumors
using high-throughput genomic analysis, have finally shown that RHO GTPases have a direct role
in tumorigenesis.
Both gain- and loss-of-function mutations in RHO genes have been reported in human tumors as
well as the overexpression and suppression of some members of the RHO family or of their regulators,
as reviewed in [1]. To date the most frequent mutations in human cancer have been found in RAC1
and RHOA genes, whereas very few mutations have been found in CDC42 gene [1,16]. A recurrent
gain-of-function mutation in RAC1 gene (P29S) has been identified in melanomas by a genome-wide
analysis [26,27]. After B-RAF V600 and N-RAS Q61, RAC1 P29S is the most frequent mutation found in
wild-type for BRAF and N-RAS melanomas and is detected in 5–9% of all melanomas. Other frequent
gain-of function mutations have been described for RAC1 in prostate cancer (Q61), in seminomas
and germ cell tumors (G12), head and neck squamous cell carcinoma (A159), cutaneous squamous
cell carcinoma (P29), and lung squamous cell carcinoma (C18, P29, A159). For RHOA, both gain-
and loss-of-function mutations have been detected in human cancers [1]. Gain-of-function mutations
of RHOA have been described at lower frequencies in human tumors, such as RHOA A161V/P in
bladder urothelial cancer and RHOA C16 and A161V/P in adult T-cell leukemia/lymphoma (see specific
paragraph in this review) [28,29]. RHOA mutations are mainly loss-of-function mutations, such as
RHOA Q5R in Burkitt Lymphoma [30–32] or Y42 in diffuse-type gastric carcinoma [33,34]. Indeed,
mutated RHOA proteins could act as tumor suppressors in human cancers, as well as another member
of the RHOA subfamily, RHOB, that is frequently deleted in human lung cancer [35]. Interestingly,
the most frequent RHOA mutant (G17V) found in human T-cell lymphoma is a loss-of-function
mutation that acts as a dominant negative mutant [36–38].
Therefore, the role of RHO GTPases in human tumors is more complex than expected and needs
further investigation [1,3]. For example, it is not clear whether deregulation of RHOA GTPase pathway
is sufficient for tumorigenesis or additional genetic lesions are needed for the acquisition of a full
transformed phenotype [36,37,39]. Indeed, in T-cell lymphoma mutated RHOA is always associated
with the mutations in epigenetic regulators, such as TET2, DNMT3A, and IDH2 [37,40], and studies
using animal models expressing the RHOA G17V, specifically in T cells, suggest that TET2 deletion
is required to develop lymphoma [36,39] (see specific paragraph in this review). In this review we
present the latest advances in the field with particular focus on the role of the most studied typical RHO
GTPases such as CDC42, RAC1, and RHOA and the atypical RHOH in the initiation or progression of
human lymphomas.
2. Regulation of RHO Family GTPases
The RHO family GTPases are guanine-nucleotide-binding enzymes that bind the guanosine
triphosphate (GTP) and catalyze its hydrolysis to guanosine diphosphate (GDP). Over 30 years of
studies have clarified their regulation and function. Their activity is tightly regulated by guanine
nucleotide exchange factors (GEF), GTPase-activating proteins (GAP), and guanine dissociation
inhibitors (GDI) [41]. RHO GTPases are active in the GTP-bound state and inactive in the GDP-bound
state, and the ratio between GTP-bound/GDP-bound (active/inactive) conformations is critical for the
proper intracellular signaling. In response to extracellular stimuli, such as mitogens or other soluble
molecules that bind to the cell-surface receptors, RHO GTPases switch from an inactive GDP-bound
state to an active GTP-bound state. The activation causes a conformational change of RHO GTPases
and increases their ability to bind to the effector proteins and to initiate a downstream signaling cascade
that in turn regulates several cellular processes depending on the stimulus and cell type. GEF proteins
catalyze the exchange of GDP for GTP, thereby turning on the GTPase signaling, whereas GAP proteins
increase the intrinsic GTP hydrolysis rate of the GTPase, thereby turning off the signaling. A second
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layer of regulation is represented by the GDI proteins that bind the GDP-bound RHO GTPase, and
sequester it in the cytosol thus preventing its membrane localization or activation by GEFs [41–43].
RHO GTPase regulators play a crucial role in RHO GTPase activity and, interestingly, altered expression
levels of GEFs, GAPs, and GDIs have been frequently described in human cancer, as well as mutations
in a subset of tumors. Aberrant expression levels or mutations of GEFs, GAPs, or GDIs lead to
increased activation of RHO GTPase signaling cascades that in turn promote cancer initiation and
progression [15]. Indeed, several GEFs, such as ECT2, P-REX1 and P-REX2, TIAM 1, LARG and
VAV family, are frequently overexpressed in human cancer [44]. For example, in luminal breast
cancer the RAC-specific GEF P-REX1 is activated by upstream tyrosine kinases and G-protein coupled
receptors and promotes metastasis [45], whereas mutations affecting P-REX2 have been described in
melanoma [46]. The VAV family is involved in different human tumors: the hematopoietic specific
VAV1 is ectopically expressed in pancreatic cancer and is correlated with poor prognosis [47] and the
other members, VAV2 and VAV3, have been related to breast cancer progression [48]. Interestingly,
to date, only the RHO GEF VAV1 has a role in lymphomagenesis, either as a genetic driver in T-cell
lymphoma (see specific paragraph in this review) or as a downstream molecule triggered by the
oncogenic kinase anaplastic lymphoma kinase (ALK) in ALK-driven anaplastic large cell lymphoma
(ALCL) [24,25,49,50].
RHO GTPase downstream effectors are also important in mediating the RHO GTPase functions.
Once activated, RHO GTPases bind to a variety of downstream effectors, including scaffold/adaptor
proteins, kinases and actin-binding proteins. Through their downstream effectors, each RHO GTPase
exerts its activity and function: RHOA stimulates stress fiber formation mainly via Rho-kinase
1 (ROCK1), whereas RAC1 and CDC42 regulate cytoskeleton and promote actin-remodeling
through either p21-activated kinases (PAK1) or the Wiskott–Aldrich syndrome protein (WASP),
and WASP-related WAVE, respectively. Interestingly, RAC1 and CDC42 have actin-independent
activities because they can also activate the MAP kinase pathway to affect tumor cell proliferation.
Atypical RHO GTPases show an altered GTP/GDP cycling. They are active in a GTP-bound
state, but they are not strictly regulated by GEFs and GAPs [2,51]. There are two classes of atypical
RHO GTPases: those that possess an elevated intrinsic guanine nucleotide exchange activity, so-called
fast cycling RHO GTPases (i.e., RHOU and RHOD); and those that have an altered GTPase activity
as a consequence of amino acid substitutions in the RHO domain, so called GTPase defective RHO
GTPases (i.e., RHOH, RND, and RHOBTB). Thus, atypical GTPases are controlled by different
mechanisms, including transcriptional regulation at a gene level or post-translational modifications,
such as phosphorylation, ubiquitylation, and sumoylation.
For both typical and atypical RHO GTPases alterations in their regulation may result in a defective
activity and deregulation of their downstream pathways, thereby leading to altered functions inside
the cells.
Post-Transcriptional and Post-Translational Regulation of RHO GTPases
Typical RHO GTPases can also be regulated by other mechanisms than the classical GTPase cycle.
An important level of regulation is represented by post-translational lipid modifications that mediate
the membrane localization of RHO GTPases and the subsequent interaction with their downstream
effectors. Typically, RHO GTPases are prenylated on the cysteine (C) at their C-terminal CAAX motif
(i.e., addition of farnesyl or geranylgeranyl chain) followed by a proteolytic cleavage of the terminal
three residues (AAX) and methylation of the cysteine (C). This post-translational lipid modification
is fundamental for translocation of RHO GTPases to the plasma membrane and is required for their
biological activity [41].
Other post-translational modifications include phosphorylation and ubiquitylation.
Phosphorylation can affect the normal GTP/GDP cycling thereby influencing the interaction with RHO
GTPase regulators or their downstream effectors. Different kinases such as PKA, SRC, and AKT can
phosphorylate RHOA, CDC42, and RAC1 [41,52]. Phosphorylation can either activate or inhibit RHO
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GTPase activity, although an inhibitory effect has been observed in most cases [2,41]. RHOA can be
phosphorylated on Ser188 by PKA as an inhibitory mechanism because it enhances its interaction
with RHO GDI and its translocation from the plasma membrane to the cytosol and decreases its
interaction with the downstream effector protein ROCK1 [53–55]. RAC1 can be negatively regulated
by phosphorylation on different residues by different kinases, such as Ser71 by AKT, Thr108 by ERK,
and Tyr64 by SRC (or FAK) [56,57]. Interestingly, the Tyr64 is in the switch region 2 of RAC1 and is
highly conserved in CDC42, where its phosphorylation seems to promote the binding to RHO GDIs
and decrease the association with GEFs and downstream effectors [58]. The phosphorylation of the
analogous residue of RHOA (Tyr66) can affect its binding to downstream effectors [59].
Ubiquitylation is an important layer of RHO GTPase regulation and is characterized by the
covalent attachment of ubiquitin molecules to the lysine residues to induce proteasome-mediated
degradation [41]. Thus, ubiquitylation can regulate the stability and protein levels of RHO GTPases.
Ubiquitylation can affect both the active GTP-bound and inactive GDP-bound form of RHO GTPases.
For example, RHOA can be ubiquitylated in different conformations and by different ubiquitin ligases
(SMURF1, BACURD-CUL3, and FBXL19) depending on its conformation and in response to specific
signaling [41]. RAC1 can undergo degradation only in an active GTP-bound state and this modification
is somehow correlated to cancer progression. The loss of expression of RAC1 ubiquitin ligase, HACE1
E3 ligase, induces RAC1 hyperactivation and contributes to the RAC-mediated tumor progression in
breast cancer [60].
RHO GTPases can undergo transcriptional regulation that can lead to alternative splicing.
Indeed, RAC1b, a splice variant of RAC1 with an accelerated GDP/GTP-exchange and an impaired
GTP-hydrolysis, is specifically expressed at various stages of neoplastic progression in colorectal
cancer [61,62].
Moreover, several RHO GTPases can be regulated by microRNAs (miRNAs) that can either inhibit
translation or degrade mRNA. Interestingly, this level of regulation has been described in cancer
cells [2,63]. Same miRNA can regulate different RHO GTPases, for example miRNA-185 can affect the
protein levels of both RHOA and CDC42 in colon cancer cells [64], or each RHO GTPase is a specific
target; miRNA-155 specifically targets RHOA [65] and miRNA-29 targets CDC42 [66].
Despites several evidences that post-transcriptional or post-translational modifications of RHO
GTPases can be altered in some human cancers, no such examples have been described so far in
human lymphomas.
Overall the scenario of RHO GTPase regulation is quite complex. Deregulated post-transcriptional
and post-translational modifications can lead to inappropriate RHO GTPase localization or function
and contribute to tumorigenesis, as well [2,15,52].
3. Functional and Genetic Alterations of RHO Family of GTPases in Lymphoma
In general terms, RHO GTPases are mostly involved in human tumorigenesis as downstream
effectors of driver oncogenes. However, each member of this family can have a distinct role depending
on the cell and tumor type. In solid tumors, RHO GTPases are frequently activated by upstream
tyrosine kinase receptors, such as ERBB2 or MET, and contribute to tumor progression and metastasis.
In hematological malignancies, deregulation of the RHO GTPase signaling network has been reported,
mainly related to constitutive activation of upstream signaling and implicated to tumor dissemination
and invasion [14]. More specifically, in human lymphomas recurrent somatic mutations have been
reported only for the GTPase RHOA and for the atypical GTPase RHOH (Table 1), whereas somatic
mutations affecting RAC proteins or CDC42 have been described in solid tumors. In the following
paragraphs, we describe the most recent findings on the role of RHO GTPases and their regulators in
lymphoma pathogenesis.
Cells 2019, 8, 646 5 of 16
Table 1. Recurrent genetic lesions affecting RHO GTPase network in human lymphomas. Highlighted
in bold are the most frequent mutants.
RHO
GTPase Mutations
Functional
Consequence Tumor type Frequency References
RHOA
G17V
A161E
Loss-of-function
TFH-like
PTCL-NOS 8–18% [37]
AITL 53–71% [37,38,40]
C16R/F
G17V
G14V
A161P/V
K118E/Q
Gain-of-function
Loss-of-function
Gain-of-function
Gain-of-function
Gain-of-function
ATL 15% [29]
R5Q/W
Y42F/H/S Loss-of-function DLBCL <5% [67]
R5Q/W
Y42F/H/S Loss-of-function BL 7–9% [30–32]
RHOH Somatichypermutations
Deregulation of
BCL6 expression DLBCL 46% [68]
VAV1
VAV1-GSS
VAV1-MYO1F
VAV1-S100A7
VAV1-THAP4
Constitutive
activation PTCL-NOS 11% [24,49]
VAV1-GSS Constitutiveactivation ALCL 11% [24]
E556D/K
E175V/L
Y174C
K404R
D797N/H
R798P/Q
R822Q/L
Gain-of-function ATL 18% [25]
VAV1 ∆778–786 Constitutiveactivation PTCL-NOS ND [49]
RAC1 WT Hyperactivation ATL ND [69,70]
RAC1 and
CDC42 WT Hyperactivation
ALK+
ALCL ND [50,71,72]
4. RAC1 and CDC42 in the Pathogenesis of Lymphoma
In adult T-cell leukemia/lymphoma (ATL), RAC1 is activated by the RHO GEF TIAM1
(T-cell lymphoma invasion and metastasis) and regulates the formation of lamellipodia to enhance
tumor cell infiltration [69]. In mantle cell lymphoma (MCL) RAC1 overexpression leads to its increased
activity and is correlated with a shorter survival in patients [70,73]. Both RAC1 and CDC42 play a
prominent role in the ALK-driven ALCL, a subtype of T-cell lymphoma [50,72]. Of note, in ALK+
ALCL they have pro-oncogenic functions because ALK promotes lymphoma cell proliferation and
survival by increasing their GTPase activity through the direct phosphorylation of their RHO GEFs
VAV1/VAV3. In addition, both CDC42 and RAC1 contribute to lymphoma cell dissemination in mouse
models of ALCL [71]. In ALK+ ALCL the ALK-dependent downregulation of WASP contributes to the
lymphoma proliferation/survival by increasing active CDC42 and MAPK pathway. This CDC42-WASP
axis provided a therapeutic vulnerability because WASP deficient cells were more sensitive to MAPK
inhibitors when used in combination with the ALK inhibitor crizotinib [74].
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5. RHOA in the Pathogenesis of Lymphoma
Recent studies using whole exome sequencing technology revealed recurrent mutations of RHOA
(Table 1) in different human lymphomas of both B-cell and T-cell origin, including angio-immunoblastic
T-cell lymphoma (AITL), peripheral T-cell lymphoma not otherwise specified (PTCL-NOS) [37,38,40],
adult T-cell leukemia/lymphoma (ATL) [25,29], diffuse large B-cell lymphoma (DLBCL), and Burkitt
lymphoma (BL) [32,67]. Further studies on the biological significance of these mutations suggested a
driver role for RHOA in the pathogenesis of these lymphomas.
5.1. Angio-Immunoblastic T-Cell Lymphoma and Peripheral T-Cell Lymphoma Not Otherwise Specified
AITL and PTCL-NOS are peripheral T-cell lymphomas (PTCL) that represent a group of aggressive
non-Hodgkin lymphomas derived from mature T cells [75]. AITL is a common subtype of PTCL with
unique pathological, molecular, and clinical features corresponding with the malignant transformation
of T follicular helper (TFH) cells, whereas PTCL-NOS shows extreme cytological and phenotypic
heterogeneity and lacks a specific characterization. Different studies found that 53–71% of AITL cases
and 8–18% of PTCL-NOS carry the same mutation of the RHOA gene [25,29,37,38,40,76]. Almost all
of these mutations are heterozygous and affect the glycine in a hotspot position 17 (Gly17) in
the GTP/GDP-binding domain of RHOA. Structural analyses and in vitro studies highlighted the
dominant-negative function of RHOA G17V mutant because this mutation impairs the binding of GTP,
interferes with its own activation, and fails to activate its effector proteins. In addition, mutant RHOA
affects the activity of wild-type RHOA because it prevents the GTP binding to wild-type RHOA by
sequestering or altering the activity of the RHO GEFs. As a consequence, ectopic expression of RHOA
G17V in fibroblasts reduced the formation of actin stress fibers and in a T-cell model did not induced
the serum response factor pathway, known to be activated by RHOA signaling [38]. Remarkably,
the presence of RHOA mutations in most PTCL-NOS cases correlated with a TFH cell phenotype
(TFH cells) similar to the typical T-cell phenotype of AITL and suggested a strong association between
RHOA G17V mutation and TFH cell phenotype [77]. This observation is supported by in vitro and
in vivo studies that report an induction of a TFH cell phenotype (CXCR5+ PD1+) upon expression
of G17V in CD4+ T cells [36,39,78]. Moreover, in two murine models, i.e., a transgenic model that
express RHOA G17V under CD4 control elements [39] and a conditional knock-in model expressing
the mutation G17V in the endogenous Rhoa locus [36], CD4+ T cells expressing RHOA G17V were
hyper-reactive to T-cell receptor stimulation.
Interestingly, in AITL RHOA mutations are frequently associated with loss-of-function mutations of
the TET2 (Ten-Eleven Translocation 2) gene that encodes a protein involved in epigenetic programming
and stem cell maintenance [37,38,79]. Mouse models suggest a cooperative role between TET2 and
RHOA in AITL lymphomagenesis and indicate in the RHOA-dependent activation of ICOS-PI3K
pathway, a targetable vulnerability for targeted therapies [36,39]. Of note, extracellular signals
transduced through ICOS co-receptor is fundamental for the differentiation of naive CD4+ T cells into
TFH cells and for their proper function [80,81]. TFH cells are a subtype of CD4+ lymphocytes generated
in the germinal center that play a key role for the differentiation and survival of B cells through
co-stimulatory receptors and secretion of cytokines [82]. In Tet2-/- Rhoa G17V AITL mouse models,
the expression of RHOA G17V in CD4+ T cells induced TFH cell polarization and increased proliferation
through upregulation of ICOS and activation of PI3K-AKT-mTOR and MAPK pathways [36]. Indeed,
CD4+ T cells in mice expressing RHOA G17V showed a higher proliferation rate and a sustained
activation of AKT and ERK1/2 associated with increased S6K phosphorylation [36]. Accordingly, a gene
set enrichment analysis of CD4+ T cells from RHOA transgenic mice identified a PI3K-AKT-mTOR
signaling signature suggesting that RHOA G17V mainly exerts is oncogenic activity promoting mTOR
signaling [39]. These findings highlight that changes in activity of RHOA modulate the differentiation
of normal T cells and act as a tumor suppressor in T cell lineage; as a consequence, its inactivation
through mutations can lead to hyperactivation of oncogenic pathways and cellular transformation.
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5.2. Adult T-Cell Leukemia/Lymphoma
ATL is an aggressive form of PTCL caused by the human T-lymphotropic virus type 1 (HTLV-1) [75].
Recurrent mutations in the RHOA gene have been reported in 15% of ATL patients [25,29]. Unlike the
pattern of mutations described in AITL and TFH-like PTCL-NOS that are mainly located in the hot
spot G17V, mutations in ATL span the entire coding region of RHOA [29]. However, the majority is
invariably located in the GTP-binding domain where the position Cys 16 (C16R) was the most frequently
observed. The RHOA mutant A161E did not bind GTP and is biochemically inactive similarly to the
G17V mutant detected in AITL and TFH-like PTCL-NOS. Surprisingly, other RHOA mutants (C16R and
A161P) revealed different or even opposite functional consequences as they showed fast GTP/GDP
cycling and increased RHOA activity [29]. Therefore, in ATL either loss- or gain-of-function RHOA
mutants are involved in ATL lymphomagenesis. ATL can arise from different subsets of CD4+ T
cells: naive, activated and regulatory T cells, and RHOA mutations seem to be associated with the
different phenotypes. ATL cells with activating C16R and A161P mutations have Treg or effector T-cell
phenotype, whereas ATL cells with inactivating G17V have memory T-cell phenotype. Therefore,
the functional difference of the cell of origin can explain the occurrence of RHOA mutations in ATL.
Alternatively, the critical role of RHOA in TCR signaling and T-cell development and differentiation can
explain this discrepancy. Indeed, deregulation of the RHOA activity can trigger different downstream
signaling network inducing the cellular differentiation of T cells into Treg/effector T-cell or memory
T-cell lineages.
5.3. Diffuse Large B-Cell Lymphoma and Burkitt Lymphoma
RHOA mutations have also been found in lymphomas of B-cell origin. Genomic studies on
Burkitt lymphoma and DLBCL have reported a frequency of RHOA mutations of 7–9% and <5%,
respectively [32,67]. These mutations are mostly located in position Arg5 (R5Q) and to a lesser extent
in positions Tyr42 in the switch 1 region and Leu69 in the second GTP-binding domain. Mutations
that affect the GTP-binding domain generate inactive proteins unable to bind GTP and interact with
RHO GTPase regulators (GEFs and GAPs). They also inhibit the activity of the RHOA wild-type as
described for the RHOA G17V mutant in AITL. Mutations in the switch/effector region (Y42F/H/S)
affect the interaction with downstream effectors and deregulate the downstream signaling. These are
loss-of-function mutations because they suppress RHOA activity, but it is not clear how they promote
tumorigenesis in BL and DLBCL. Remarkably, in BL and DLBCL RHOA is also inactivated by mutations
that affect the upstream molecules of the Gα13-dependent pathway [83]. This pathway controls the
confinement of B cells within the B-cell follicle and its deregulation alters germinal center B-cell
migration and is associated with lymphomagenesis. Mutations located in genes of the Gα13-dependent
pathway, including sphingosine-1-phosphate receptor 2 (S1PR2) and P2Y purinoceptor 8 (P2RY8),
GNA13 (which encodes Gα13), and RHO guanine nucleotide exchange factor 1 (ARHGEF1) are found
in both GCB-DLBCL (30%) and Burkitt lymphoma (15%) [84]. Studies in mouse models deficient
for S1PR2 or Gα13 have shown that they develop tumors with features of GCB-DLBCL and with
constitutive activation of the AKT pathway [83,85]. In these mice loss of the Gα13 pathway resulted
in disruption of the GC architecture and dissemination of GC B cells to distant sites as observed in
DLBCL. Disruption of this pathway impacts on downstream RHOA functions by suppressing its
activity. Overall RHOA and the axis Gα13/RHOA have suppressive functions in DLBCL and BL
because their suppression or inactivation by mutations promotes lymphomagenesis.
Overall, even if historically RHOA was described as a molecule with pro-oncogenic functions
because it is frequently overexpressed in human tumors and associated with tumor progression,
recent findings on RHOA mutations describe a more complex and heterogeneous landscape, at least in
human lymphoma. Both gain-of-function and loss-of-function mutations, as well as dominant-negative
mutations, with contrasting functions have been reported in lymphoma and the strong correlation
between the tumor type and the mutational distribution indicates that the functional consequence
of a RHOA mutation during lymphoma development depends on the cell of origin, as observed in
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ATL. Further biological studies with appropriate in vitro and in vivo models will help to elucidate the
functional significance of gain- and loss-of-function mutations of RHOA in human lymphoma.
6. RHOH in the Pathogenesis of Lymphoma
RHOH belongs to the “atypical” RHO GTPase family [6,86]. RHOH is regulated by
post-translational modifications while remaining constitutively active because it lacks intrinsic GTPase
activity. Physiologically, RHOH is expressed in hematopoietic cells and, in particular, is highly
expressed in T lymphocytes. RHOH is activated through tyrosine phosphorylation of its ITAM-like
motif upon TCR engagement and mediates the recruitment of ZAP70 and LCK to the immunological
synapse. In RHOH knock-out mice, RHOH deficiency affects T-cell development in the thymus,
impairs T-cell function, and causes peripheral T-cell lymphopenia [87–89].
RHOH was first identified in a chromosomal translocation, t(3;4)(q27;p23), with the LAZ3/BCL6
gene in a non-Hodgkin lymphoma cell line and in multiple melanoma patient within a translocation
involving the IgH gene, t(4;14) (p13;p32) [90]. Despite these observations, the role of RHOH in the
pathogenesis of these tumors has not yet been established. However, in lymphomas alterations of
RHOH expression and activity are more frequently linked to the presence of somatic hypermutations in
the non-coding region than chromosomal rearrangements. Indeed, somatic hypermutations of RHOH
occur at high frequency (46%) in diffuse large B-cell lymphoma (DLBCL), an aggressive subtype of
non-Hodgkin lymphoma, but do not have prognostic significance [68,86]. Interestingly some studies
reported accumulation of aberrant somatic hypermutations in RHOH and other genes during disease
progression, such as the transformation of follicular lymphoma and chronic lymphocytic leukemia to
DLBCL [86]. Nonetheless, a direct correlation with overall survival or disease-free survival was not
found in a larger cohort of patients [91]. Downregulated expression of RHOH has been reported in some
cases of leukemia (hairy cell leukemia and acute myeloid leukemia) although the molecular mechanisms
are not yet unveiled [92,93]. Thus, despite its important role in T-cell development, recurrent genetic
alterations of the RHOH gene have not yet been found in T-cell malignancies. Conversely, genetic
alterations of RHOH have been detected in B cell lymphomas, but a direct role in their pathogenesis
has not been clearly defined. In a murine model of DLBCL (Iµ-HA-BCL6 transgenic mice) [94], the
deletion of Rhoh (crossing with Rhoh-/- mice) accelerated lymphoma progression and correlated with
early death. In addition, data generated in lymphoma cells derived by murine Bcl6-Rhoh ko Tg mice
suggested that RHOH can be involved in DLBCL development by regulating BCL6 expression [95].
Overall, a clear signaling network related to RHOH deregulation in human lymphomas is still missing
and needs further studies.
7. Alterations of RHO GTPases Regulators and Downstream Effectors in Lymphoma
Given the activating functions of the RHO GEFs and RHO effectors in the RHO GTPase network
signaling, they are typically associated with pro-tumorigenic functions in tumors, whereas RHO GAPs,
that are negative regulators, are frequently considered as tumor suppressors. However, the findings in
the last decade on human tumors suggest a more complex scenario where the role of GEFs and GAPs
is not so clearly defined [3].
Several RHO GEFs (~70 members) and RHO GAPs (~80 members) have been identified,
exceeding the 20 RHO GTPases described so far, suggesting that they can regulate each RHO
GTPase depending on the cellular context [6]. RHO GEFs are mainly divided into two families based
on the presence of a functional domain: DBL-homology (DH) domain family and Dock homology
region (DHR) domain family [44]. Most GEFs belong to the DH family and are characterized by the
catalytic DBL-domain, that catalyzes the exchange of GDP for GTP, and the pleckstrin-homology (PH)
domain, that mediates the plasma membrane localization of the RHO GTPase. Among GEFs, the RHO
GEF VAV1, a member of the DH family, is specifically expressed in hematopoietic cells. In particular,
VAV1 is an essential mediator of the T-cell receptor (TCR) signaling in T lymphocytes and contributes
to the cytoskeleton rearrangement, T-cell activation, proliferation, and survival upon TCR engagement.
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Recurrent activating mutations (Table 1) and chromosomal translocations in the gene encoding for VAV1
have been described in PTCL, specifically in ATL, PTCL-NOS, and ALCL [24,25,49]. Chromosomal
rearrangements involving VAV1 break the gene in the same region (loss of the C-terminal SH3 domain)
that is responsible for the auto-inhibition of VAV1. The result is a novel fusion oncoprotein that lacks
this domain and thereby shows constitutive activation. Somatic mutations of VAV1 have been found
in some cases of ATL and PTCL, and consistently are clustered in the same C-terminal SH3 domain,
in the PH domain and in the zinc finger domain [24,49]. Overall, both chromosomal rearrangements
and mutations of VAV1 lead to the constitutive activation of VAV1 effector pathways, including the
RHO GTPase RAC1, supporting a driver role for VAV1 in the pathogenesis of PTCL.
RHO GAPs and GDIs are negative regulators of the RHO GTPases, but to date no recurrent
mutations or genetic aberrations have been described in human lymphoma. The GAPs DLC1 (deleted
in liver cancer-1) and P190RHOGAP are frequently downregulated in human tumors as a consequence
of genetic deletions or epigenetic silencing and contribute to tumorigenesis via deregulation of RHOA
or CDC42 signaling network [96,97]. ARHGAP8 is found overexpressed in colon cancer indicating that
deregulation of these pathways can be more complex than expected [98]. Regulation of expression of
RHO GDIs has been reported in different studies, although the situation is more complex because these
changes depend on the tumor type and correlate differently with the tumor phenotype. In pancreatic
cancer the upregulation of GDI2 correlated with invasiveness [99], whereas in bladder cancer the
downregulation of GDI2 was associated with a metastatic phenotype [100]. In addition, in studies on
breast cancer conflicting results on the expression of GDI1 have been reported so far [101,102].
8. Targeting RHO GTPases and Their Signaling Network
Efficient and specific targeting of the small GTPases has been one of the major goals in cancer
research but it has not been accomplished yet for different reasons, a situation that is reminiscent of the
challenges of targeting mutated K-RAS [103]. First, GTPases are small molecules with few targetable
domains and limited druggability of their catalytic domains. Second, the low concentration of GTP
within the cell and the high binding affinity with the RHO GTPase, even at very low concentrations,
has prevented to effectively inhibit GTPases with nucleotide analogs. Third, the unavoidable occurrence
of toxic side effects of some RHO GTPase inhibitors as a consequence of their broad range of action.
Last, the lack of knowledge about the role of each GTPase in human cancer, i.e., the recent description
of a tumor suppressor activity for RHOA in AITL, PTCL, and Burkitt’s lymphoma, has raised concerns
about a strategy of inhibition of RHO GTPase signaling.
Overall, traditional drug design approaches have not worked so far, and few advances have been
made in this field [104,105]. Most of the current drugs aim at disrupting the interaction between the
RHO GTPase and its GEF, thereby blocking its activity. Some of them have been tested at preclinical
levels and showed specific activities: Rac1 inhibitor NSC23766 disrupts the interaction of RAC1 with its
GEF TIAM1 and does not influence the binding of CDC42 or RHOA with their GEFs; the small molecule
CASIN specifically inhibits CDC42 and its GEF interaction without affecting other Rho GTPase activity.
A derivative of NSC23766, EHop-16, has shown higher efficacy than NSC23766. It inhibits both RAC1
and CDC42 by interfering with the interaction with the RHO GEF VAV1. Non-competitive inhibitors,
such as ML141 for CDC42 and EHT 1864 for RAC, have been also developed to induce the dissociation
of the bound nucleotide and to lock the GTPase in an inactive conformation [106,107].
Alternative strategies consist in pharmacologically modulating the activity of the upstream
regulators RHO GEFs and RHO GAPs or the downstream effectors. However, this is a challenging
approach and so far a poorly successful approach, as GEFs and GAPs are multi-domain and
multifunctional molecules with different activities inside cells not strictly limited to RHO GTPase
signaling. In addition, RHO GAPs are less appealing for the development of inhibitors because in cancer
they are often associated with the loss-of-function mutations and act as tumor suppressors. For GEFs,
the best strategy is to prevent the binding of a GEF with its specific Rho GTPase, thus suppressing the
GTPase activity [108]. This is the case of the RHOA and the leukemia-associated RHO GEF (LARG).
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Based on a virtual screening using published protein:protein interactions, two different chemical
probes, Y16 and Rhosin, have been generated for the inhibition of RHOA-LARG interaction without
effects on other DBL family of RHO GEFs. In addition, they also have specificity for RHOC, thus
inhibiting RHOC signaling as well, and preventing by-pass signaling [109]. However, none of these
molecules has been tested in clinical trials to date.
Another critical target for the inhibition of the RHO GTPase intracellular network is the downstream
effector ROCK that has been a preferential target of several small molecules tested through the years.
The ROCK inhibitor fasudil was initially developed in the 1980s as an intracellular calcium agonist and
only later was discovered as an effective inhibitor of serine-threonine kinases, including ROCK [110].
This inhibitor binds the ATP-binding pocket of ROCK and inhibits its kinase activity. Fasudil is the only
clinically approved drug for the inhibition of the RHO GTPase pathway and is used to treat pulmonary
and cerebral hypertension in Japan. Recent studies on animal models of human tumors have revealed
that fasudil blocks the invasion and metastasis and can interfere with leukocyte recruitment, thereby
suggesting its use in cancer treatment. A compound with similar properties, Y-27632, was developed
and used in vivo to study the regulation of cytoskeleton in inflammatory diseases but it has not yet
been tested in clinical trials [111,112]. Other compounds derived from Y-27632 have been successfully
tested for the inhibition of lung metastasis formation in animal models and one of them, ripasudil,
is currently approved for the treatment of glaucoma in Japan [113].
Another downstream effector of RHO GTPases that has been extensively studied to find specific
drugs is the CDC42 and RAC1 effector PAK1 [64,114]. Several ATP competitive and non-competitive
inhibitors have been developed but none of them have reached the clinics for several reasons, such as
poor specificity, high toxicity, and chemical instability. However, some of these compounds specifically
developed as anti-cancer drugs have shown great efficacy in animal models, thereby suggesting
therapeutic promise.
Thus, albeit no drugs that target RHO GTPase pathway are currently in clinical trials for cancer
therapy, the members of the RHO GTPase family are still considered interesting targets for the
development of innovative cancer treatments due to the central role they play in many cellular
processes. Overall, the main challenge remains to find compounds able to interfere with the key RHO
GTPase interaction and not just to inhibit the RHO GTPase network as a whole.
9. Conclusions
Different genetic and epigenetic mechanisms can deregulate the RHO GTPase signaling network
in lymphomas and, in general, in human tumors; the variability of alterations found in different tumors
reflects the complex regulation of this signaling in normal cells. These mechanisms include activating
or inactivating mutations of the RHO GTPases or of their regulating proteins as well as changes in
expression levels that altogether generate an aberrant signaling with pro- or anti-tumorigenic functions
depending on the cell context and tumor type. Unraveling these networks will enable the development
of compounds that could be therapeutically effective.
Author Contributions: C.V. and R.C. conceived, wrote, and edited the review.
Funding: The work has been supported by grant R01 CA196703-01 to R.C., and the European Union Horizon 2020
Marie Sklodowska-Curie Innovative Training Network (ITN-ETN) Grant, Award No.: 675712 for the European
Research Initiative for ALK-Related Malignancies (ERIA) to R.C.
Conflicts of Interest: The authors declare no conflicts of interest.
References
1. Bustelo, X.R. RHO GTPases in cancer: Known facts, open questions, and therapeutic challenges. Biochem.
Soc. Trans. 2018, 46, 741–760. [CrossRef] [PubMed]
2. Haga, R.B.; Ridley, A.J. Rho GTPases: Regulation and roles in cancer cell biology. Small GTPases 2016, 7,
207–221. [CrossRef] [PubMed]
Cells 2019, 8, 646 11 of 16
3. Zandvakili, I.; Lin, Y.; Morris, J.C.; Zheng, Y. Rho GTPases: Anti- or pro-neoplastic targets? Oncogene 2017,
36, 3213–3222. [CrossRef] [PubMed]
4. Bustelo, X.R.; Sauzeau, V.; Berenjeno, I.M. GTP-binding proteins of the Rho/Rac family: Regulation, effectors
and functions in vivo. Bioessays 2007, 29, 356–370. [CrossRef] [PubMed]
5. Jaffe, A.B.; Hall, A. Rho GTPases: Biochemistry and biology. Annu. Rev. Cell Dev. Biol. 2005, 21, 247–269.
[CrossRef] [PubMed]
6. Hall, A. Rho family GTPases. Biochem. Soc. Trans. 2012, 40, 1378–1382. [CrossRef] [PubMed]
7. Etienne-Manneville, S.; Hall, A. Rho GTPases in cell biology. Nature 2002, 420, 629–635. [CrossRef]
8. Hall, A. Rho GTPases and the actin cytoskeleton. Science 1998, 279, 509–514. [CrossRef]
9. Nobes, C.D.; Hall, A. Rho, rac, and cdc42 GTPases regulate the assembly of multimolecular focal complexes
associated with actin stress fibers, lamellipodia, and filopodia. Cell 1995, 81, 53–62. [CrossRef]
10. Olson, M.F.; Ashworth, A.; Hall, A. An essential role for Rho, Rac, and Cdc42 GTPases in cell cycle progression
through G1. Science 1995, 269, 1270–1272. [CrossRef]
11. Bustelo, X.R. Understanding Rho/Rac biology in T-cells using animal models. Bioessays 2002, 24, 602–612.
[CrossRef] [PubMed]
12. Fryer, B.H.; Field, J. Rho, Rac, Pak and angiogenesis: Old roles and newly identified responsibilities in
endothelial cells. Cancer Lett. 2005, 229, 13–23. [CrossRef]
13. Govek, E.E.; Newey, S.E.; Van Aelst, L. The role of the Rho GTPases in neuronal development. Genes Dev.
2005, 19, 1–49. [CrossRef] [PubMed]
14. Li, H.; Peyrollier, K.; Kilic, G.; Brakebusch, C. Rho GTPases and cancer. Biofactors 2014, 40, 226–235. [CrossRef]
[PubMed]
15. Porter, A.P.; Papaioannou, A.; Malliri, A. Deregulation of Rho GTPases in cancer. Small GTPases 2016, 7,
123–138. [CrossRef] [PubMed]
16. Aspenstrom, P. Activated Rho GTPases in Cancer-The Beginning of a New Paradigm. Int. J. Mol. Sci. 2018,
19. [CrossRef] [PubMed]
17. Sahai, E.; Marshall, C.J. RHO-GTPases and cancer. Nat. Rev. Cancer 2002, 2, 133–142. [CrossRef]
18. Qiu, R.G.; Abo, A.; McCormick, F.; Symons, M. Cdc42 regulates anchorage-independent growth and is
necessary for Ras transformation. Mol. Cell. Biol. 1997, 17, 3449–3458. [CrossRef]
19. Qiu, R.G.; Chen, J.; Kirn, D.; McCormick, F.; Symons, M. An essential role for Rac in Ras transformation.
Nature 1995, 374, 457–459. [CrossRef]
20. Qiu, R.G.; Chen, J.; McCormick, F.; Symons, M. A role for Rho in Ras transformation. Proc. Natl. Acad. Sci.
USA 1995, 92, 11781–11785. [CrossRef]
21. Del Peso, L.; Hernandez-Alcoceba, R.; Embade, N.; Carnero, A.; Esteve, P.; Paje, C.; Lacal, J.C. Rho proteins
induce metastatic properties in vivo. Oncogene 1997, 15, 3047–3057. [CrossRef] [PubMed]
22. Roux, P.; Gauthier-Rouviere, C.; Doucet-Brutin, S.; Fort, P. The small GTPases Cdc42Hs, Rac1 and RhoG
delineate Raf-independent pathways that cooperate to transform NIH3T3 cells. Curr. Biol. 1997, 7, 629–637.
[CrossRef]
23. Alan, J.K.; Lundquist, E.A. Mutationally activated Rho GTPases in cancer. Small GTPases 2013, 4, 159–163.
[CrossRef] [PubMed]
24. Boddicker, R.L.; Razidlo, G.L.; Dasari, S.; Zeng, Y.; Hu, G.; Knudson, R.A.; Greipp, P.T.; Davila, J.I.;
Johnson, S.H.; Porcher, J.C.; et al. Integrated mate-pair and RNA sequencing identifies novel, targetable gene
fusions in peripheral T-cell lymphoma. Blood 2016, 128, 1234–1245. [CrossRef] [PubMed]
25. Kataoka, K.; Nagata, Y.; Kitanaka, A.; Shiraishi, Y.; Shimamura, T.; Yasunaga, J.; Totoki, Y.; Chiba, K.;
Sato-Otsubo, A.; Nagae, G.; et al. Integrated molecular analysis of adult T cell leukemia/lymphoma.
Nat. Genet. 2015, 47, 1304–1315. [CrossRef] [PubMed]
26. Hodis, E.; Watson, I.R.; Kryukov, G.V.; Arold, S.T.; Imielinski, M.; Theurillat, J.P.; Nickerson, E.; Auclair, D.;
Li, L.; Place, C.; et al. A landscape of driver mutations in melanoma. Cell 2012, 150, 251–263. [CrossRef]
27. Krauthammer, M.; Kong, Y.; Ha, B.H.; Evans, P.; Bacchiocchi, A.; McCusker, J.P.; Cheng, E.; Davis, M.J.;
Goh, G.; Choi, M.; et al. Exome sequencing identifies recurrent somatic RAC1 mutations in melanoma.
Nat. Genet. 2012, 44, 1006–1014. [CrossRef]
28. Cancer Genome Atlas Research, N. Comprehensive molecular characterization of urothelial bladder
carcinoma. Nature 2014, 507, 315–322. [CrossRef]
Cells 2019, 8, 646 12 of 16
29. Nagata, Y.; Kontani, K.; Enami, T.; Kataoka, K.; Ishii, R.; Totoki, Y.; Kataoka, T.R.; Hirata, M.; Aoki, K.;
Nakano, K.; et al. Variegated RHOA mutations in adult T-cell leukemia/lymphoma. Blood 2016, 127, 596–604.
[CrossRef]
30. Abate, F.; Ambrosio, M.R.; Mundo, L.; Laginestra, M.A.; Fuligni, F.; Rossi, M.; Zairis, S.; Gazaneo, S.;
De Falco, G.; Lazzi, S.; et al. Distinct Viral and Mutational Spectrum of Endemic Burkitt Lymphoma.
PLoS Pathog. 2015, 11, e1005158. [CrossRef]
31. Richter, J.; Schlesner, M.; Hoffmann, S.; Kreuz, M.; Leich, E.; Burkhardt, B.; Rosolowski, M.; Ammerpohl, O.;
Wagener, R.; Bernhart, S.H.; et al. Recurrent mutation of the ID3 gene in Burkitt lymphoma identified by
integrated genome, exome and transcriptome sequencing. Nat. Genet. 2012, 44, 1316–1320. [CrossRef]
[PubMed]
32. Rohde, M.; Richter, J.; Schlesner, M.; Betts, M.J.; Claviez, A.; Bonn, B.R.; Zimmermann, M.; Damm-Welk, C.;
Russell, R.B.; Borkhardt, A.; et al. Recurrent RHOA mutations in pediatric Burkitt lymphoma treated
according to the NHL-BFM protocols. Genes Chromosomes Cancer 2014, 53, 911–916. [CrossRef] [PubMed]
33. Kakiuchi, M.; Nishizawa, T.; Ueda, H.; Gotoh, K.; Tanaka, A.; Hayashi, A.; Yamamoto, S.; Tatsuno, K.;
Katoh, H.; Watanabe, Y.; et al. Recurrent gain-of-function mutations of RHOA in diffuse-type gastric
carcinoma. Nat. Genet. 2014, 46, 583–587. [CrossRef] [PubMed]
34. Wang, K.; Yuen, S.T.; Xu, J.; Lee, S.P.; Yan, H.H.; Shi, S.T.; Siu, H.C.; Deng, S.; Chu, K.M.; Law, S.; et al.
Whole-genome sequencing and comprehensive molecular profiling identify new driver mutations in gastric
cancer. Nat. Genet. 2014, 46, 573–582. [CrossRef] [PubMed]
35. Mazieres, J.; Antonia, T.; Daste, G.; Muro-Cacho, C.; Berchery, D.; Tillement, V.; Pradines, A.; Sebti, S.;
Favre, G. Loss of RhoB expression in human lung cancer progression. Clin. Cancer Res. 2004, 10, 2742–2750.
[CrossRef] [PubMed]
36. Cortes, J.R.; Ambesi-Impiombato, A.; Couronne, L.; Quinn, S.A.; Kim, C.S.; da Silva Almeida, A.C.; West, Z.;
Belver, L.; Martin, M.S.; Scourzic, L.; et al. RHOA G17V Induces T Follicular Helper Cell Specification and
Promotes Lymphomagenesis. Cancer Cell 2018, 33, 259–273 e257. [CrossRef] [PubMed]
37. Palomero, T.; Couronne, L.; Khiabanian, H.; Kim, M.Y.; Ambesi-Impiombato, A.; Perez-Garcia, A.;
Carpenter, Z.; Abate, F.; Allegretta, M.; Haydu, J.E.; et al. Recurrent mutations in epigenetic regulators,
RHOA and FYN kinase in peripheral T cell lymphomas. Nat. Genet. 2014, 46, 166–170. [CrossRef] [PubMed]
38. Sakata-Yanagimoto, M.; Enami, T.; Yoshida, K.; Shiraishi, Y.; Ishii, R.; Miyake, Y.; Muto, H.; Tsuyama, N.;
Sato-Otsubo, A.; Okuno, Y.; et al. Somatic RHOA mutation in angioimmunoblastic T cell lymphoma.
Nat. Genet. 2014, 46, 171–175. [CrossRef] [PubMed]
39. Ng, S.Y.; Brown, L.; Stevenson, K.; deSouza, T.; Aster, J.C.; Louissaint, A., Jr.; Weinstock, D.M. RhoA G17V is
sufficient to induce autoimmunity and promotes T-cell lymphomagenesis in mice. Blood 2018, 132, 935–947.
[CrossRef] [PubMed]
40. Yoo, H.Y.; Sung, M.K.; Lee, S.H.; Kim, S.; Lee, H.; Park, S.; Kim, S.C.; Lee, B.; Rho, K.; Lee, J.E.; et al. A
recurrent inactivating mutation in RHOA GTPase in angioimmunoblastic T cell lymphoma. Nat. Genet. 2014,
46, 371–375. [CrossRef] [PubMed]
41. Hodge, R.G.; Ridley, A.J. Regulating Rho GTPases and their regulators. Nat. Rev. Mol. Cell Biol. 2016, 17,
496–510. [CrossRef] [PubMed]
42. Cherfils, J.; Zeghouf, M. Regulation of small GTPases by GEFs, GAPs, and GDIs. Physiol. Rev. 2013, 93,
269–309. [CrossRef] [PubMed]
43. Garcia-Mata, R.; Boulter, E.; Burridge, K. The ‘invisible hand’: Regulation of RHO GTPases by RHOGDIs.
Nat. Rev. Mol. Cell Biol. 2011, 12, 493–504. [CrossRef]
44. Cook, D.R.; Rossman, K.L.; Der, C.J. Rho guanine nucleotide exchange factors: Regulators of Rho GTPase
activity in development and disease. Oncogene 2014, 33, 4021–4035. [CrossRef] [PubMed]
45. Sosa, M.S.; Lopez-Haber, C.; Yang, C.; Wang, H.; Lemmon, M.A.; Busillo, J.M.; Luo, J.; Benovic, J.L.;
Klein-Szanto, A.; Yagi, H.; et al. Identification of the Rac-GEF P-Rex1 as an essential mediator of ErbB
signaling in breast cancer. Mol. Cell 2010, 40, 877–892. [CrossRef] [PubMed]
46. Berger, M.F.; Hodis, E.; Heffernan, T.P.; Deribe, Y.L.; Lawrence, M.S.; Protopopov, A.; Ivanova, E.; Watson, I.R.;
Nickerson, E.; Ghosh, P.; et al. Melanoma genome sequencing reveals frequent PREX2 mutations. Nature
2012, 485, 502–506. [CrossRef]
Cells 2019, 8, 646 13 of 16
47. Fernandez-Zapico, M.E.; Gonzalez-Paz, N.C.; Weiss, E.; Savoy, D.N.; Molina, J.R.; Fonseca, R.; Smyrk, T.C.;
Chari, S.T.; Urrutia, R.; Billadeau, D.D. Ectopic expression of VAV1 reveals an unexpected role in pancreatic
cancer tumorigenesis. Cancer Cell 2005, 7, 39–49. [CrossRef]
48. Citterio, C.; Menacho-Marquez, M.; Garcia-Escudero, R.; Larive, R.M.; Barreiro, O.; Sanchez-Madrid, F.;
Paramio, J.M.; Bustelo, X.R. The rho exchange factors vav2 and vav3 control a lung metastasis-specific
transcriptional program in breast cancer cells. Sci. Signal. 2012, 5, ra71. [CrossRef]
49. Abate, F.; da Silva-Almeida, A.C.; Zairis, S.; Robles-Valero, J.; Couronne, L.; Khiabanian, H.; Quinn, S.A.;
Kim, M.Y.; Laginestra, M.A.; Kim, C.; et al. Activating mutations and translocations in the guanine exchange
factor VAV1 in peripheral T-cell lymphomas. Proc. Natl. Acad. Sci. USA 2017, 114, 764–769. [CrossRef]
50. Ambrogio, C.; Voena, C.; Manazza, A.D.; Martinengo, C.; Costa, C.; Kirchhausen, T.; Hirsch, E.; Inghirami, G.;
Chiarle, R. The anaplastic lymphoma kinase controls cell shape and growth of anaplastic large cell lymphoma
through Cdc42 activation. Cancer Res. 2008, 68, 8899–8907. [CrossRef]
51. Aspenstrom, P.; Ruusala, A.; Pacholsky, D. Taking Rho GTPases to the next level: The cellular functions of
atypical Rho GTPases. Exp. Cell Res. 2007, 313, 3673–3679. [CrossRef] [PubMed]
52. Olson, M.F. Rho GTPases, their post-translational modifications, disease-associated mutations and
pharmacological inhibitors. Small GTPases 2018, 9, 203–215. [CrossRef] [PubMed]
53. Ellerbroek, S.M.; Wennerberg, K.; Burridge, K. Serine phosphorylation negatively regulates RhoA in vivo.
J. Biol. Chem. 2003, 278, 19023–19031. [CrossRef] [PubMed]
54. Nusser, N.; Gosmanova, E.; Makarova, N.; Fujiwara, Y.; Yang, L.; Guo, F.; Luo, Y.; Zheng, Y.; Tigyi, G.
Serine phosphorylation differentially affects RhoA binding to effectors: Implications to NGF-induced neurite
outgrowth. Cell. Signal. 2006, 18, 704–714. [CrossRef] [PubMed]
55. Takemoto, K.; Ishihara, S.; Mizutani, T.; Kawabata, K.; Haga, H. Compressive stress induces
dephosphorylation of the myosin regulatory light chain via RhoA phosphorylation by the adenylyl
cyclase/protein kinase A signaling pathway. PLoS ONE 2015, 10, e0117937. [CrossRef] [PubMed]
56. Chang, F.; Lemmon, C.; Lietha, D.; Eck, M.; Romer, L. Tyrosine phosphorylation of Rac1: A role in regulation
of cell spreading. PLoS ONE 2011, 6, e28587. [CrossRef] [PubMed]
57. Tong, J.; Li, L.; Ballermann, B.; Wang, Z. Phosphorylation and Activation of RhoA by ERK in Response to
Epidermal Growth Factor Stimulation. PLoS ONE 2016, 11, e0147103. [CrossRef] [PubMed]
58. Tu, S.; Wu, W.J.; Wang, J.; Cerione, R.A. Epidermal growth factor-dependent regulation of Cdc42 is mediated
by the Src tyrosine kinase. J. Biol. Chem. 2003, 278, 49293–49300. [CrossRef] [PubMed]
59. Uezu, A.; Okada, H.; Murakoshi, H.; del Vescovo, C.D.; Yasuda, R.; Diviani, D.; Soderling, S.H. Modified SH2
domain to phototrap and identify phosphotyrosine proteins from subcellular sites within cells. Proc. Natl.
Acad. Sci. USA 2012, 109, E2929–E2938. [CrossRef] [PubMed]
60. Goka, E.T.; Lippman, M.E. Loss of the E3 ubiquitin ligase HACE1 results in enhanced Rac1 signaling
contributing to breast cancer progression. Oncogene 2015, 34, 5395–5405. [CrossRef]
61. Jordan, P.; Brazao, R.; Boavida, M.G.; Gespach, C.; Chastre, E. Cloning of a novel human Rac1b splice variant
with increased expression in colorectal tumors. Oncogene 1999, 18, 6835–6839. [CrossRef]
62. Melzer, C.; Hass, R.; Lehnert, H.; Ungefroren, H. RAC1B: A Rho GTPase with Versatile Functions in Malignant
Transformation and Tumor Progression. Cells 2019, 8. [CrossRef]
63. Liu, M.; Bi, F.; Zhou, X.; Zheng, Y. Rho GTPase regulation by miRNAs and covalent modifications. Trends
Cell Biol. 2012, 22, 365–373. [CrossRef] [PubMed]
64. Liu, K.H.; Huynh, N.; Patel, O.; Shulkes, A.; Baldwin, G.; He, H. P21-activated kinase 1 promotes colorectal
cancer survival by up-regulation of hypoxia-inducible factor-1alpha. Cancer Lett. 2013, 340, 22–29. [CrossRef]
[PubMed]
65. Kong, W.; Yang, H.; He, L.; Zhao, J.J.; Coppola, D.; Dalton, W.S.; Cheng, J.Q. MicroRNA-155 is regulated by
the transforming growth factor beta/Smad pathway and contributes to epithelial cell plasticity by targeting
RhoA. Mol. Cell. Biol. 2008, 28, 6773–6784. [CrossRef] [PubMed]
66. Park, S.Y.; Lee, J.H.; Ha, M.; Nam, J.W.; Kim, V.N. miR-29 miRNAs activate p53 by targeting p85 alpha and
CDC42. Nat. Struct. Mol. Biol. 2009, 16, 23–29. [CrossRef] [PubMed]
67. O’Hayre, M.; Inoue, A.; Kufareva, I.; Wang, Z.; Mikelis, C.M.; Drummond, R.A.; Avino, S.; Finkel, K.;
Kalim, K.W.; DiPasquale, G.; et al. Inactivating mutations in GNA13 and RHOA in Burkitt’s lymphoma and
diffuse large B-cell lymphoma: A tumor suppressor function for the Galpha13/RhoA axis in B cells. Oncogene
2016, 35, 3771–3780. [CrossRef] [PubMed]
Cells 2019, 8, 646 14 of 16
68. Pasqualucci, L.; Neumeister, P.; Goossens, T.; Nanjangud, G.; Chaganti, R.S.; Kuppers, R.; Dalla-Favera, R.
Hypermutation of multiple proto-oncogenes in B-cell diffuse large-cell lymphomas. Nature 2001, 412, 341–346.
[CrossRef] [PubMed]
69. Masuda, M.; Maruyama, T.; Ohta, T.; Ito, A.; Hayashi, T.; Tsukasaki, K.; Kamihira, S.; Yamaoka, S.; Hoshino, H.;
Yoshida, T.; et al. CADM1 interacts with Tiam1 and promotes invasive phenotype of human T-cell leukemia
virus type I-transformed cells and adult T-cell leukemia cells. J. Biol. Chem. 2010, 285, 15511–15522. [CrossRef]
[PubMed]
70. Durand-Onayli, V.; Haslauer, T.; Harzschel, A.; Hartmann, T.N. Rac GTPases in Hematological Malignancies.
Int. J. Mol. Sci. 2018, 19. [CrossRef]
71. Choudhari, R.; Minero, V.G.; Menotti, M.; Pulito, R.; Brakebusch, C.; Compagno, M.; Voena, C.; Ambrogio, C.;
Chiarle, R. Redundant and nonredundant roles for Cdc42 and Rac1 in lymphomas developed in NPM-ALK
transgenic mice. Blood 2016, 127, 1297–1306. [CrossRef]
72. Colomba, A.; Courilleau, D.; Ramel, D.; Billadeau, D.D.; Espinos, E.; Delsol, G.; Payrastre, B.; Gaits-Iacovoni, F.
Activation of Rac1 and the exchange factor Vav3 are involved in NPM-ALK signaling in anaplastic large cell
lymphomas. Oncogene 2008, 27, 2728–2736. [CrossRef]
73. Tian, T.; Bi, C.; Hein, A.L.; Zhang, X.; Wang, C.; Shen, S.; Yuan, J.; Greiner, T.C.; Enke, C.; Vose, J.; et al. Rac1
is a novel therapeutic target in mantle cell lymphoma. Blood Cancer J. 2018, 8, 17. [CrossRef] [PubMed]
74. Menotti, M.; Ambrogio, C.; Cheong, T.C.; Pighi, C.; Mota, I.; Cassel, S.H.; Compagno, M.; Wang, Q.;
Dall’Olio, R.; Minero, V.G.; et al. Wiskott-Aldrich syndrome protein (WASP) is a tumor suppressor in T cell
lymphoma. Nat. Med. 2019, 25, 130–140. [CrossRef] [PubMed]
75. Swerdlow, S.H.; Campo, E.; Pileri, S.A.; Harris, N.L.; Stein, H.; Siebert, R.; Advani, R.; Ghielmini, M.;
Salles, G.A.; Zelenetz, A.D.; et al. The 2016 revision of the World Health Organization classification of
lymphoid neoplasms. Blood 2016, 127, 2375–2390. [CrossRef] [PubMed]
76. Manso, R.; Sanchez-Beato, M.; Monsalvo, S.; Gomez, S.; Cereceda, L.; Llamas, P.; Rojo, F.; Mollejo, M.;
Menarguez, J.; Alves, J.; et al. The RHOA G17V gene mutation occurs frequently in peripheral T-cell
lymphoma and is associated with a characteristic molecular signature. Blood 2014, 123, 2893–2894. [CrossRef]
[PubMed]
77. Vallois, D.; Dobay, M.P.; Morin, R.D.; Lemonnier, F.; Missiaglia, E.; Juilland, M.; Iwaszkiewicz, J.; Fataccioli, V.;
Bisig, B.; Roberti, A.; et al. Activating mutations in genes related to TCR signaling in angioimmunoblastic
and other follicular helper T-cell-derived lymphomas. Blood 2016, 128, 1490–1502. [CrossRef] [PubMed]
78. Zang, S.; Li, J.; Yang, H.; Zeng, H.; Han, W.; Zhang, J.; Lee, M.; Moczygemba, M.; Isgandarova, S.; Yang, Y.;
et al. Mutations in 5-methylcytosine oxidase TET2 and RhoA cooperatively disrupt T cell homeostasis.
J. Clin. Investig. 2017, 127, 2998–3012. [CrossRef]
79. Lemonnier, F.; Couronne, L.; Parrens, M.; Jais, J.P.; Travert, M.; Lamant, L.; Tournillac, O.; Rousset, T.;
Fabiani, B.; Cairns, R.A.; et al. Recurrent TET2 mutations in peripheral T-cell lymphomas correlate with
TFH-like features and adverse clinical parameters. Blood 2012, 120, 1466–1469. [CrossRef]
80. Weber, J.P.; Fuhrmann, F.; Feist, R.K.; Lahmann, A.; Al Baz, M.S.; Gentz, L.J.; Vu Van, D.; Mages, H.W.;
Haftmann, C.; Riedel, R.; et al. ICOS maintains the T follicular helper cell phenotype by down-regulating
Kruppel-like factor 2. J. Exp. Med. 2015, 212, 217–233. [CrossRef]
81. Stone, E.L.; Pepper, M.; Katayama, C.D.; Kerdiles, Y.M.; Lai, C.Y.; Emslie, E.; Lin, Y.C.; Yang, E.; Goldrath, A.W.;
Li, M.O.; et al. ICOS coreceptor signaling inactivates the transcription factor FOXO1 to promote Tfh cell
differentiation. Immunity 2015, 42, 239–251. [CrossRef] [PubMed]
82. Crotty, S. T follicular helper cell differentiation, function, and roles in disease. Immunity 2014, 41, 529–542.
[CrossRef] [PubMed]
83. Muppidi, J.R.; Schmitz, R.; Green, J.A.; Xiao, W.; Larsen, A.B.; Braun, S.E.; An, J.; Xu, Y.; Rosenwald, A.;
Ott, G.; et al. Loss of signalling via Galpha13 in germinal centre B-cell-derived lymphoma. Nature 2014, 516,
254–258. [CrossRef] [PubMed]
84. Pasqualucci, L.; Dalla-Favera, R. Genetics of diffuse large B-cell lymphoma. Blood 2018, 131, 2307–2319.
[CrossRef] [PubMed]
85. Cattoretti, G.; Mandelbaum, J.; Lee, N.; Chaves, A.H.; Mahler, A.M.; Chadburn, A.; Dalla-Favera, R.;
Pasqualucci, L.; MacLennan, A.J. Targeted disruption of the S1P2 sphingosine 1-phosphate receptor gene
leads to diffuse large B-cell lymphoma formation. Cancer Res. 2009, 69, 8686–8692. [CrossRef]
Cells 2019, 8, 646 15 of 16
86. Fueller, F.; Kubatzky, K.F. The small GTPase RhoH is an atypical regulator of haematopoietic cells. Cell Commun.
Signal. 2008, 6, 6. [CrossRef] [PubMed]
87. Dorn, T.; Kuhn, U.; Bungartz, G.; Stiller, S.; Bauer, M.; Ellwart, J.; Peters, T.; Scharffetter-Kochanek, K.;
Semmrich, M.; Laschinger, M.; et al. RhoH is important for positive thymocyte selection and T-cell receptor
signaling. Blood 2007, 109, 2346–2355. [CrossRef]
88. Gu, Y.; Chae, H.D.; Siefring, J.E.; Jasti, A.C.; Hildeman, D.A.; Williams, D.A. RhoH GTPase recruits and
activates Zap70 required for T cell receptor signaling and thymocyte development. Nat. Immunol. 2006, 7,
1182–1190. [CrossRef]
89. Dallery, E.; Galiegue-Zouitina, S.; Collyn-d’Hooghe, M.; Quief, S.; Denis, C.; Hildebrand, M.P.; Lantoine, D.;
Deweindt, C.; Tilly, H.; Bastard, C.; et al. TTF, a gene encoding a novel small G protein, fuses to the
lymphoma-associated LAZ3 gene by t(3;4) chromosomal translocation. Oncogene 1995, 10, 2171–2178.
90. Preudhomme, C.; Roumier, C.; Hildebrand, M.P.; Dallery-Prudhomme, E.; Lantoine, D.; Lai, J.L.;
Daudignon, A.; Adenis, C.; Bauters, F.; Fenaux, P.; et al. Nonrandom 4p13 rearrangements of the RhoH/TTF
gene, encoding a GTP-binding protein, in non-Hodgkin’s lymphoma and multiple myeloma. Oncogene 2000,
19, 2023–2032. [CrossRef]
91. Hiraga, J.; Katsumi, A.; Iwasaki, T.; Abe, A.; Kiyoi, H.; Matsushita, T.; Kinoshita, T.; Naoe, T. Prognostic
analysis of aberrant somatic hypermutation of RhoH gene in diffuse large B cell lymphoma. Leukemia 2007,
21, 1846–1847. [CrossRef] [PubMed]
92. Galiegue-Zouitina, S.; Delestre, L.; Dupont, C.; Troussard, X.; Shelley, C.S. Underexpression of RhoH in Hairy
Cell Leukemia. Cancer Res. 2008, 68, 4531–4540. [CrossRef] [PubMed]
93. Iwasaki, T.; Katsumi, A.; Kiyoi, H.; Tanizaki, R.; Ishikawa, Y.; Ozeki, K.; Kobayashi, M.; Abe, A.; Matsushita, T.;
Watanabe, T.; et al. Prognostic implication and biological roles of RhoH in acute myeloid leukaemia. Eur. J.
Haematol. 2008, 81, 454–460. [CrossRef] [PubMed]
94. Cattoretti, G.; Pasqualucci, L.; Ballon, G.; Tam, W.; Nandula, S.V.; Shen, Q.; Mo, T.; Murty, V.V.; Dalla-Favera, R.
Deregulated BCL6 expression recapitulates the pathogenesis of human diffuse large B cell lymphomas in
mice. Cancer Cell 2005, 7, 445–455. [CrossRef] [PubMed]
95. Horiguchi, H.; Ciuculescu, M.F.; Troeger, A.; Xu, H.; Brendel, C.; Willimas, D.A. Deletion of murine Rhoh
induces more aggressive diffuse large B cell lymphoma (DLBCL) via interaction with Kaiso and regulation of
BCL-6 expression. Blood 2018, 132 (Suppl. 1), 1574. [CrossRef]
96. Wang, D.; Qian, X.; Rajaram, M.; Durkin, M.E.; Lowy, D.R. DLC1 is the principal biologically-relevant
down-regulated DLC family member in several cancers. Oncotarget 2016, 7, 45144–45157. [CrossRef]
[PubMed]
97. Harding, M.A.; Theodorescu, D. RhoGDI signaling provides targets for cancer therapy. Eur. J. Cancer 2010,
46, 1252–1259. [CrossRef]
98. Johnstone, C.N.; Castellvi-Bel, S.; Chang, L.M.; Bessa, X.; Nakagawa, H.; Harada, H.; Sung, R.K.;
Pique, J.M.; Castells, A.; Rustgi, A.K. ARHGAP8 is a novel member of the RHOGAP family related
to ARHGAP1/CDC42GAP/p50RHOGAP: Mutation and expression analyses in colorectal and breast cancers.
Gene 2004, 336, 59–71. [CrossRef]
99. Abiatari, I.; DeOliveira, T.; Kerkadze, V.; Schwager, C.; Esposito, I.; Giese, N.A.; Huber, P.; Bergman, F.;
Abdollahi, A.; Friess, H.; et al. Consensus transcriptome signature of perineural invasion in pancreatic
carcinoma. Mol. Cancer Ther. 2009, 8, 1494–1504. [CrossRef]
100. Seraj, M.J.; Harding, M.A.; Gildea, J.J.; Welch, D.R.; Theodorescu, D. The relationship of BRMS1 and RhoGDI2
gene expression to metastatic potential in lineage related human bladder cancer cell lines. Clin. Exp.
Metastasis 2000, 18, 519–525. [CrossRef]
101. Fritz, G.; Brachetti, C.; Bahlmann, F.; Schmidt, M.; Kaina, B. Rho GTPases in human breast tumours:
Expression and mutation analyses and correlation with clinical parameters. Br. J. Cancer 2002, 87, 635–644.
[CrossRef] [PubMed]
102. Jiang, W.G.; Watkins, G.; Lane, J.; Cunnick, G.H.; Douglas-Jones, A.; Mokbel, K.; Mansel, R.E. Prognostic
value of rho GTPases and rho guanine nucleotide dissociation inhibitors in human breast cancers. Clin. Cancer
Res. 2003, 9, 6432–6440. [PubMed]
103. Smithers, C.C.; Overduin, M. Structural Mechanisms and Drug Discovery Prospects of Rho GTPases. Cells
2016, 5. [CrossRef] [PubMed]
Cells 2019, 8, 646 16 of 16
104. Biro, M.; Munoz, M.A.; Weninger, W. Targeting Rho-GTPases in immune cell migration and inflammation.
Br. J. Pharmacol. 2014, 171, 5491–5506. [CrossRef] [PubMed]
105. Lin, Y.; Zheng, Y. Approaches of targeting Rho GTPases in cancer drug discovery. Expert Opin. Drug Discov.
2015, 10, 991–1010. [CrossRef] [PubMed]
106. Maldonado, M.D.M.; Dharmawardhane, S. Targeting Rac and Cdc42 GTPases in Cancer. Cancer Res. 2018,
78, 3101–3111. [CrossRef] [PubMed]
107. Gao, Y.; Dickerson, J.B.; Guo, F.; Zheng, J.; Zheng, Y. Rational design and characterization of a Rac
GTPase-specific small molecule inhibitor. Proc. Natl. Acad. Sci. USA 2004, 101, 7618–7623. [CrossRef]
108. Shang, X.; Marchioni, F.; Evelyn, C.R.; Sipes, N.; Zhou, X.; Seibel, W.; Wortman, M.; Zheng, Y. Small-molecule
inhibitors targeting G-protein-coupled Rho guanine nucleotide exchange factors. Proc. Natl. Acad. Sci. USA
2013, 110, 3155–3160. [CrossRef]
109. Shang, X.; Marchioni, F.; Sipes, N.; Evelyn, C.R.; Jerabek-Willemsen, M.; Duhr, S.; Seibel, W.; Wortman, M.;
Zheng, Y. Rational design of small molecule inhibitors targeting RhoA subfamily Rho GTPases. Chem. Biol.
2012, 19, 699–710. [CrossRef]
110. Nagumo, H.; Sasaki, Y.; Ono, Y.; Okamoto, H.; Seto, M.; Takuwa, Y. Rho kinase inhibitor HA-1077 prevents
Rho-mediated myosin phosphatase inhibition in smooth muscle cells. Am. J. Physiol. Cell Physiol. 2000, 278,
C57–C65. [CrossRef]
111. Uehata, M.; Ishizaki, T.; Satoh, H.; Ono, T.; Kawahara, T.; Morishita, T.; Tamakawa, H.; Yamagami, K.; Inui, J.;
Maekawa, M.; et al. Calcium sensitization of smooth muscle mediated by a Rho-associated protein kinase in
hypertension. Nature 1997, 389, 990–994. [CrossRef] [PubMed]
112. Narumiya, S.; Ishizaki, T.; Uehata, M. Use and properties of ROCK-specific inhibitor Y-27632. Methods
Enzymol. 2000, 325, 273–284. [PubMed]
113. Fang, X.; Yin, Y.; Chen, Y.T.; Yao, L.; Wang, B.; Cameron, M.D.; Lin, L.; Khan, S.; Ruiz, C.; Schroter, T.; et al.
Tetrahydroisoquinoline derivatives as highly selective and potent Rho kinase inhibitors. J. Med. Chem. 2010,
53, 5727–5737. [CrossRef] [PubMed]
114. Semenova, G.; Chernoff, J. Targeting PAK1. Biochem. Soc. Trans. 2017, 45, 79–88. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
